Introduction
Increasing sophistication in kinematics technology has enhanced the precision of measurements in time series analyses of human walking [1] . Depending on the nature of the scientific inquiry, however, and to the extent that small errors can be tolerated when using a simplified procedure, increasing the level of precision may not necessarily yield a corresponding increase in information deemed to be relevant [2] . In clinical settings for example, time and logistical considerations often times override the need to be as ultra-precise as technology can provide [3] .
We demonstrate here two simplified methods to estimate the vertical trajectory of the body center of mass (CoM) during walking. One used a point on the mid-shoulder and the other on the navel region. The two methods were then compared to a fullbody CoM estimate using a full-body model to test the hypothesis that similar CoM traces can be obtained compared to the fullbody CoM estimate.
Methods
Data was obtained with consent from a 68 year-old healthy woman with no musculoskeletal disorders that may affect gait abnormalities. The study was approved by the institutional review board. The subject walked barefooted. A 19-marker 12-segment full-body CoM model: bilateral (fifth metatarsal) styloid process, posterior calcaneus, lateral malleolus, lateral femoral condyle, greater trochanter, acromion process, olecranon process, (wrist) styloid process, (squamous) temporal bone and chin (single) [4] . Table 1 was used to compare against two singlemarker CoM estimates, one at the mid-shoulder (virtual) point and the other at the navel region ( Figure 1 ). The 6-camera PEAK Motus system (PEAK Performance Technologies Inc, Boulder CO) was used to capture the kinematic data. The data was sampled at 120 Hz and underwent a 5th-order Butterworth filtering routine. 76 sampled points making up the second and third steps (right heel to left heel) from quiet stance were extracted for analyses. The two-tailed non-parametric Spearman r correlation test was
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Results
The navel marker was more consistent than the mid-shoulder marker in tracking with the CoM vertical displacement (r mid-shoulder = 0.997 and r navel = 0.998) and velocity (r mid-shoulder = 0.995 and r navel =0 .997). The mid-shoulder marker deviated from the full model by up to 0.03 m/s during the early swing phase and up to 0.024 m/s during the late swing phase. In the acceleration data, the midshoulder and navel markers deviated from the full CoM model by up to 0.55 and 0.31m/s2, respectively in the period before midswing as the CoM approached maximum vertical displacement (acceleration r mid-shoulder = 0.955 and r navel = 0.986).
Discussion
The trunk is not entirely rigid during walking. There are movements around the pelvic region and shoulder region [5] . Thus, the decreased accuracy in the CoM estimate using the mid-shoulder and navel markers becomes more prominent with differentiations of the displacement data. One reason why the navel marker tracked more closely with the full CoM model than the mid-shoulder marker is that the navel marker is very near to where the CoM of the body is. The sacral region has also been used to estimate CoM motions [6, 7] .
When utmost precision in kinematic measurements is not the highest priority, a balance needs to be sought between preserving the rigor of scientific enquiry and the physical demands imposed by the experimental setup on the subject, particularly when the kinematic technology is combined with surface electromyography and force plate recordings. The ability to obtain data from the simplified methods that is as similar as possible to the full-body model preserves the construct validity of causes and effects associated with the study of human walking. Generalization should be confirmed at least from visual inspection of the traces to ensure that the operational definition of CoM estimate is comparable using the simpler or full model methods.
Since the mid-shoulder and navel CoM displacements tracked almost perfectly with the full CoM model throughout the gait cycle, either one of the single markers can be used in place of the full model to compare across subjects. Interpretation of the navel marker from the first derivative of its displacement (i.e., velocity) also appears to be valid. The navel and mid-shoulder markers may also accurately represent the full CoM model in estimating vertical acceleration except at the regions around the points of inflection. Then the single markers would likely be more suited for use in repeated measures designs where one is interested in relative change between two conditions [8, 9] provided the change in speed and/or acceleration is not too large.
